INTRODUCTION-Cyclin-dependent kinases (CDKs) regulate cell cycle progression. Certain CDKs (e.g., CDK7, CDK9) also control cellular transcription. Consequently, CDKs represent attractive targets for anti-cancer drug development, as their aberrant expression is common in diverse malignancies, and CDK inhibition can trigger apoptosis. CDK inhibition may be particularly successful in hematologic malignancies, which are more sensitive to inhibition of cell cycling and apoptosis induction.
Introduction
Cell cycle dysregulation is almost universal in cancer (1, 2) , and cell cycle-mediated resistance to chemotherapy a well-established phenomenon (3) . Consequently, the concept of developing agents capable of inhibiting the traverse of neoplastic cells across the cell cycle has inherent appeal. The cyclin-dependent kinases (CDKs) are serine-threonine kinases that tightly regulate progression through the G1, S (deoxyribonucleic acid (DNA) synthesis), G2 and M (mitosis) phases of the cell cycle. Many pharmacologic inhibitors of CDKs belonging to different chemical classes have been developed over the years, and some of these have been tested in clinical trials. In general, small-molecule CDK inhibitors (CDKIs) have shown most promise against hematologic malignancies. However, it appears
Rationale for therapeutic targeting of CDKs
Perturbations of the cell cycle, particularly alterations of the cyclin D-CDK4/6-INK4-pRb-E2F cascade, are extremely common in neoplastic cells (4, 7) . Overexpression of cyclins (e.g., cyclins D1 and E1), amplification of CDKs (e.g., CDK4/6), inactivation of critical CKIs (e.g., p16 Ink4a , p15 Ink4b , p21 waf1 , p27 kip1 ), loss of Rb expression, and loss of binding of CKIs to CDKs (e.g, INK4 binding to cyclin D-dependent CDKs) all occur frequently in human malignancies due to chromosomal translocations, genetic mutations or by epigenetic mechanisms (1, 2, 6) . CDK-cyclin complexes are, therefore, overactive in most cancers and their pharmacological inhibition thus causes cell cycle arrest (10) and induces apoptosis selectively in transformed cells (11) . However, while cyclin B1 depletion inhibits proliferation and induces apoptosis in human tumor cells (12) , selective inhibition of CDK2, which appears to be dispensable for tumor cell proliferation, is unlikely to be of therapeutic benefit (13) . Sustained proliferation of several different cancer cell lines despite inhibition or depletion of CDK2 by a variety of mechanisms suggests that increased levels of CDK4 or E2F activity in cancer cells may compensate for the requirement for CDK2 activity for proliferation (13) .
Another aspect of therapeutic CDK inhibition particularly applicable to hematologic malignancies, which are often characterized by defects in apoptotic pathways, involves the global repression of transcription by drugs that inhibit CDK7/9 (7). Transcriptional CDKIs down-regulate a large number of short-lived anti-apoptotic proteins, such as the antiapoptotic proteins myeloid cell leukemia-1 (Mcl-1), B-cell lymphoma extra long (Bcl-xL) and XIAP (X-linked IAP), D-cyclins, c-myc, Mdm-2 (leading to p53 stabilization), p21 waf1 , proteins whose transcription is mediated by nuclear factor-kappa B (NF-κB), and hypoxiainduced vascular endothelial growth factor (VEGF) (2) . In particular, diverse hematologic neoplasms, from acute myeloid leukemia (AML) (14) to B-cell lymphoma (15) , multiple myeloma (MM) (16) (17) (18) (19) and chronic lymphocytic leukemia (CLL) (20) have been shown to be critically dependent on Mcl-1. As such, down-regulation of Mcl-1 by transcriptional inhibition might represent the major mechanism underlying CDKI efficacy in these diseases (17, 18, 20, 21) , and provide a strong rationale for combination strategies (discussed in detail later in the article). Interestingly, one study reported induction of the anti-apoptotic protein Bcl-2 in leukemic blasts of patients with refractory AML receiving flavopiridol, perhaps representing a compensatory increase in Bcl-2 expression in response to the transcriptional down-regulation of its anti-apoptotic partner Mcl-1 (22) . Inhibitors of pTEFb might be particularly efficacious in CLL (23) . Additionally, in MM, dysregulation of cyclin D1 sensitizes tumor cells to the actions of CDKIs through interference with p21 expression, dephosphorylation of pocket proteins and inactivation of E2F proteins culminating in S-phase entry, as well as inactivation of NF-κB, leading to apoptosis rather than growth arrest (24).
It has not been possible thus far to develop an inhibitor that is absolutely selective for a single CDK, largely because of the lack of three-dimensional structural models for many CDKs and high structural homology within the CDK family. The high frequency of cyclin D-CDK4/6-INK4 pathway aberrations in cancer has led to substantial interest in developing selective inhibitors of CDK4/6. Of note, such a strategy would be expected to succeed only in cells with intact Rb function, and indeed, this has proved to be true in the case of PD-0332991, a highly selective CDK4/6 inhibitor (discussed further in the following sections) (25) . However, while this approach might be effective against CDK4/6-dependent tumors such as mantle cell lymphoma (MCL) and MM (25, 26) , concomitant inhibition of the transcriptional CDKs is likely to be key in most cancers. Preclinical studies have shown that combined depletion of cell cycle and transcriptional CDKs most effectively induces apoptosis in cancer cells (27) . Of note, transcriptional CDKIs have been reported to effectively target quiescient CD34 + CD38 − cells, the putative leukemia-initiating cells in AML (28).
New insights into CDK functions and mechanisms of action of CDKIs
A considerable amount of evidence has accumulated in recent years implicating CDKs in the regulation of the DNA damage response (DDR) network, including a substantial role in DNA repair. While CDK1 and CDK2 activities are down-regulated at the end of the DNA damage checkpoint signaling pathway, causing cell cycle arrest and allowing DNA repair to occur, CDKs have been found to play critical roles upstream in the initiation of checkpoint control and DNA repair (29) . CDK inhibition in normal and malignant cells leads to downregulation of Chk1 and activates the DDR (30) . In addition to the known importance of CDKs in the regulation of the DDR in interphase cells, it has recently been shown that during mitosis, CDK1 attenuates the interaction between mediator of DNA damage checkpoint 1 (MDC1), a master DDR organizer, and histone γH2AX, a marker of DNA damage, which is required to trigger robust repair (31) . CDKs phosphorylate BRCA2 at a specific serine residue (S3291) to inhibit its interactions with the essential recombination protein RAD51, and this might act as a molecular switch to regulate RAD51 recombination activity (32) . CDK1, the only CDK that is essential for mammalian cell cycle progression in that mouse embryos lacking all interphase CDKs (CDK2, CDK3, CDK4 and CDK6) undergo organogenesis and develop to midgestation (33) , is required for DNA double strand break (DSB) end resection, homologous recombination (HR) and DNA damage checkpoint activation in yeast (34) . In yeast, CDK-mediated phosphorylation of the Sae2 protein controls DNA DSB resection, an event necessary for HR but not non-homologous endjoining (NHEJ), thus governing the choice between these two major mechanisms for DNA DSB repair (35) . Efficient ATM-dependent ATR activation in response to DSBs is restricted to the S-and G2-phases and requires CDK activity (36) . Previously thought to be redundant in the control of cell cycle progression (13) , CDK2 may play a role in both HR and NHEJ pathways of DNA repair, suggesting that CDK2 inhibition might selectively enhance cancer cell responses to DNA-damaging agents, and that CDKIs could be useful against tumors harboring defects in DNA repair, such as BRCA1 mutations (37) . CDK2 also phosphorylates minichromosome maintenance (MCM) proteins during DNA replication, thus blocking continued replication origin firing. CDK2 inhibition, therefore, causes overreplication, resulting in the formation of DSBs and single stranded DNA intermediates that activate ATM and ATR, eliciting an intra-S-phase checkpoint (38, 39) . Most recently, chemical genetics experiments have revealed a non-redundant requirement for CDK2 activity in the DDR and a specific target of CDK2 (Nijmegen Breakage Syndrome gene product 1, Nbs-1) within the DNA repair machinery (40) . Furthermore, as CDK1 participates in BRCA1-dependent S-phase checkpoint control (phosphorylates BRCA1) in response to DNA damage, its inhibition, by compromising the ability of cells to repair DNA by HR, could also selectively sensitize BRCA1-proficient cancer cells to DNA-damaging treatments (41) and poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors (42) by disrupting BRCA1 function. Selectively targeting either CDK1 or CDK2 may thus represent an optimal approach for CDKI-DNA-damaging agent combination therapy (29) . However, these concepts have primarily been tested in the context of solid tumors. It has recently been demonstrated that CDK1 phosphorylates the granulopoiesis-promoting transcription factor C/EBPα (CCAAT/enhancer binding protein alpha) at serine 21, inhibiting its differentiation-inducing function (43) . CDK1 inhibition relieved the differentiation block in fms-like tyrosine kinase (FLT3)-mutated AML cell lines as well as in primary patient-derived cells, suggesting that this approach might have therapeutic potential in FLT3-mutant AML. Indeed, data from the serial "FLAM" trials (see below) have demonstrated that FLT3-mutant AMLs are particularly susceptible to the strategy of timed sequential therapy with flavopiridol, cytarabine and mitoxantrone. Induction of endoplasmic reticulum (ER) stress as a mechanism of cell death, and of a cytoprotective autophagic response were recently described both in CLL cell lines and patient-derived CLL cells exposed to the pan-CDKI flavopiridol (44) . Finally, the CDKI R-roscovitine has been reported to prevent alloreactive T-cell clonal expansion through CDK2 inhibition and protect against acute graft versus host disease (GvHD) (45).
Selected small-molecule CDKIs under investigation for hematologic malignancies: preclinical and single agent studies
In the following paragraphs, selected pharmacological inhibitors of CDKs of therapeutic relevance in hematologic malignancies are discussed. Table 1 summarizes the key features of agents that have been studied in patients with hematologic malignancies. Agents such as UCN-01, whose effects may be attributed to inhibition of Chk1, protein kinase C (PKC) and 3-phosphoinositide dependent protein kinase 1 (PDK-1) in addition to several CDKs, and bryostatin-1, best regarded as a PKC modulator, are not considered further in this review.
Flavopiridol (alvocidib)
Flavopiridol (alvocidib, HMR-1275, NSC 649890, L86-8275, Sanofi-Aventis, Bridgewater, NJ, Paris, France) is a semi-synthetic flavonoid derived from rohitukine, an alkaloid isolated from the leaves and stems of Amoora rohituka and Dysoxylum binectariferum, plants indigenous to India. It is a pan-CDKI, potently inhibiting at least CDKs 1, 2, 4/6, 7 and 9, as well as a number of other protein kinases (7) . In addition to anti-proliferative effects leading to cell cycle arrest in tumor cells, the drug was shown to be particularly effective in inducing apoptosis in a variety of hematopoietic cell lines (46) . Subsequent studies revealed flavopiridol to be a global inhibitor of transcription, particularly affecting cell cycle and apoptosis regulators with shortlived mRNAs (47) . Indeed, the compound inhibits CDK9/ cyclin T with such potency that competition with adenosine triphosphate (ATP) is not detectable, thus inactivating p-TEFb and blocking most RNA transcription in vivo (48). In the human monocytic AML cell line U937, flavopiridol induces apoptosis through the mitochondrial (intrinsic) rather than the receptor-mediated (extrinsic) pathway (49).
Flavopiridol was the first CDKI to enter clinical trials in humans. Despite promising singleagent preclinical efficacy against CLL, the results of early clinical trials of flavopiridol monotherapy employing either 72-hour continuous or 1-hour bolus infusion schedules were, in general, disappointing, leading to a search for alternative schedules of administration (50). In a small phase II trial using 1-hour infusions of flavopiridol for 3 consecutive days every 21 days in patients with advanced MM, no activity was observed in vivo (51). Even ex vivo, cytotoxicity was observed only after longer exposure times at higher flavopiridol concentrations than achievable in vivo. However, a phase II trial in patients with relapsed mantle cell lymphoma utilizing an identical schedule reported modest single-agent activity (52). While administration by 24-hour continuous infusion was of no benefit in patients with relapsed, fludarabine-refractory CLL (53), a "hybrid" schedule of administration (30-minute loading dose followed by 4-hour infusion) based on pharmacokinetic modeling and designed to achieve and sustain effective concentrations of free drug in plasma was associated with marked clinical efficacy in patients with relapsed/refractory, genetically high-risk CLL (54). Indeed, the dose-limiting toxicity (DLT) in this phase I trial was tumor lysis syndrome (TLS). Flavopiridol area under the plasma concentration-time curve (AUC) correlated with clinical response and cytokine release syndrome (CRS), and glucuronide metabolite AUC correlated with TLS (55). These results were confirmed in the phase II setting (56). This novel schedule of administration of flavopiridol was also tested in a phase I trial in patients with relapsed/refractory acute leukemias (57). TLS was excluded as a DLT in this study. Although flavopiridol led to marked, immediate cytoreduction in these patients, objective clinical responses were uncommon. Secretory diarrhea proved to be the DLT. Recently, hematologic improvement after flavopiridol treatment has been reported in a patient with hairy cell leukemia refractory to pentostatin and rituximab (58).
R-Roscovitine (seliciclib)
R-Roscovitine (seliciclib, CYC202, Cyclacel Pharmaceuticals, Berkeley Heights, NJ, Dundee, UK) is an orally administered, trisubstituted purine derivative of olomoucine that selectively inhibits CDKs 1, 2, 5, 7, 8 and 9 (1, 5) . It is a more potent inhibitor of CDK2 than CDK1 and was the second CDKI to enter clinical trials in humans. Seliciclib potently down-regulates Mcl-1 via inhibition of transcription, triggering apoptosis in human leukemia and MM cells (17, 18, 21) . In human MM cell lines, seliciclib induces apoptosis accompanied by down-regulation of Mcl-1 and p27, and eliminates adhesion-mediated drug resistance (59). Seliciclib exposure of human diffuse large B-cell lymphoma (DLBCL) cells results in G1-and G2/M-phase arrest and induction of apoptosis independently of underlying chromosomal translocations (60). However, no clinical trials of this agent in hematologic malignancies have been conducted.
SNS-032 (BMS-387032)
SNS-032 (BMS-387032, Sunesis Pharmaceuticals, Inc., South San Francisco, CA, BristolMyers Squibb, Princeton, NJ) is an acyl-2-aminothiazole compound that potently inhibits CDKs 2, 7, and 9 (and much less potently CDK1 and CDK4) as well as glycogen synthase kinase-3-beta (GSK3β) (1, 61) . In CLL cells, SNS-032 induces apoptosis more potently than flavopiridol or roscovitine, via inhibition of RNA pol II and depletion of the anti-apoptotic proteins Mcl-1 and XIAP (20) . In MCL cell lines, SNS-032 similarly down-regulates Mcl-1 and cyclin D1 via transcriptional repression, but the degree of apoptosis induced varies between cell lines, indicating that the latter have distinct mechanisms sustaining their survival (62). Appropriate target modulation by SNS-032 (i.e., inhibition of CDKs 2, 7 and 9) has also been shown in MM cell lines (63) .
Based upon these observations, a phase I trial of SNS-032 was conducted in patients with advanced CLL and MM (64) . SNS-032 was administered as a loading dose followed by 6-hour infusion weekly for 3 weeks of each 4-week cycle. TLS was the DLT for CLL, with 75 mg/m 2 being identified as the maximum tolerated dose (MTD). No DLT was observed in the MM patients and the MTD not identified up to 75 mg/m 2 . However, despite demonstration of mechanism-based pharmacodynamic activity (inhibition of CDK7/9, leading to down-regulation of Mcl-1 and XIAP and induction of apoptosis in CLL cells), clinical activity was limited and the study was closed early.
Recently, SNS-032 has been shown to down-regulate via inhibition of transcription the oncogenic fusion proteins FIP1-like-1 (FIP1L1)-platelet derived growth factor receptor alpha (PDGFRA) and Bcr-Abl (breakpoint cluster region-Abelson) in tyrosine kinase inhibitor (TKI)-resistant hypereosinophilic syndrome (HES) and chronic myeloid leukemia (CML) cells (65) . SNS-032 also decreased the phosphorylation of downstream molecules in these cells and induced apoptosis by triggering both the mitochondrial (intrinsic) and death receptor (extrinsic) pathways. SNS-032 kills primary AML cells with a potency more than 35-fold higher than that of cytarabine, with which it also exhibits striking synergism (66).
Dinaciclib (SCH 727965)
Dinaciclib (SCH 727965, Merck and Co., Inc., Whitehouse Station, NJ) inhibits CDKs 1, 2, 5 and 9 and, compared with flavopiridol, exhibits superior activity with an improved therapeutic index in preclinical studies, inducing regression of established solid tumors in a range of mouse models following intermittent scheduling of doses below the MTD (67) . Preclinical testing in a number of cell lines and xenograft models of common childhood malignancies suggested greatest efficacy against leukemias (68) . In patient-derived CLL cells, dinaciclib promotes apoptosis and abrogates microenvironmental cytokine protection (69) . Dinaciclib potently inhibited the growth of AML and ALL (acute lymphoblastic leukemia) cell lines in vitro and induced apoptosis via the intrinsic pathway, downregulating Mcl-1 by decreasing phosphorylation of the CTD of RNA pol II through CDK9 inhibition (70) . It also decreased XIAP and Bcl-xL expression, and inhibited Rb and Bad phosphorylation, all findings that were confirmed in primary leukemia cells.
Dinaciclib at a dose of 12 mg/m 2 (established as the recommended phase II dose (RPTD) in a phase I trial in patients with solid tumors) administered by 2-hour infusion on days 1, 8 and 15 of a 28-day cycle exhibited promising clinical activity in heavily pre-treated patients with low, intermediate and high grade lymphomas, primarily follicular lymphoma (FL) and DLBCL (71) . CRS, manageable with steroids and not requiring treatment discontinuation, was observed in four patients. The RPTD of dinaciclib administered on this schedule to heavily pre-treated patients with CLL was found to be 14 mg/m 2 (72) . A rapid decrease in Mcl-1 was noted, and DLTs included bacterial pneumonia and TLS requiring temporary dialysis at the 17 mg/m 2 dose. High response rates (RRs) were observed, including in patients with extensive prior treatment, bulky disease or poor-risk cytogenetics (17p deletion). Common toxicities observed in these two trials included myelosuppression, nausea, vomiting, diarrhea, fatigue, hyperglycemia, hypocalcemia and elevated transaminases (71, 72) .
Dinaciclib was administered at a dose of 50 mg/m 2 by 2-hour infusion once every 21 days in a phase II trial in adults with advanced AML (patients ≥ 60 only) or ALL (73) . AML patients were randomized between dinaciclib and gemtuzumab ozogamicin (GO) with crossover to dinaciclib if no response to GO was seen, while ALL patients only received dinaciclib. Intra-patient dose escalation of dinaciclib to 70 mg/m 2 in cycle 2 was allowed. Although anti-leukemia activity was observed in 60% of patients, there were no objective responses. TLS was a notable toxicity, with one fatality. Mcl-1 levels declined posttreatment, but rapidly recovered. This, along with the short half-life of dinaciclib (1.5-3.3 hours), led the investigators to propose that longer infusion schedules or more frequent drug administration would be necessary (70, 73) .
Based upon the finding of high CDK5 expression in MM with relatively low expression in other organs suggesting a large therapeutic window, a phase I/II trial of dinaciclib was conducted in patients with relapsed MM (74) . Dinaciclib was administered on day 1 of a 21-day cycle at doses of 30-50 mg/m 2 . 50 mg/m 2 was determined to be the MTD and was the dose used in the Phase II portion. Although the overall confirmed RR was 11%, two patients achieved a very good partial response (VGPR), and many obtainined some degree of monoclonal protein stabilization or decrease. Adverse events were similar to those reported in the CLL and lymphoma studies.
PD0332991
PD0332991 (Pfizer, Inc., New York City, NY) is an orally administered, highly specific inhibitor of CDK4 and CDK6 (at slightly higher concentrations) (25) . It is a potent antiproliferative agent against Rb + tumor cells in vitro, inducing an exclusive G1 arrest, with concomitant elimination of phospho-Rb and inhibition of E2F-dependent transcription, sufficient to cause tumor regression in human colon carcinoma xenograft models. Acting in concert with the endogenous CKI p18 Ink4c , PD 0332991 potently induces G1 arrest, but not apoptosis, in primary bone marrow MM cells ex vivo and prevents tumor growth in disseminated human MM xenografts (75) . However, PD 0332991 markedly enhances the killing of myeloma cells by dexamethasone. Additionally, it may impairs osteoclast progenitor pool expansion and block osteolytic lesion development in MM (76) . PD0332991 profoundly suppresses, at low nanomolar concentrations, Rb phosphorylation, proliferation, and cell cycle progression at the G0/G1 phase of MCL cell lines and patient-derived MCL cells, which are characterized by constitutive activation of the cyclin D1 signaling cascade (77) . It has recently been suggested that PD 0332991 may both inhibit tumor growth in CDK4/6-dependent tumors and ameliorate the dose-limiting toxicities of chemotherapy in CDK4/6-indepdendent tumors, although it should not be combined with DNA-damaging therapies to treat tumors that require CDK4/6 activity for proliferation (26) . In AML cell lines bearing the FLT3 internal tandem duplication (ITD) mutation, PD 0332991 caused sustained cell cycle arrest and prolonged survival in an in vivo model of FLT3-ITD AML (78). However, this was overcome by down-regulation of p27 kip1 and reactivation of CDK2.
A pharmacodynamic study of PD 0332991 in 17 patients with relapsed MCL was recently reported (79) . Five patients achieved progression-free survival of greater than a year, with 1 complete and 2 partial responses (PRs). These patients demonstrated large reductions in summed maximal standard uptake value (SUV(max)) on 3-deoxy-3[(18)F]fluorothymidine (FLT) positron emission tomography (PET), as well as in expression of phospho-Rb and the proliferation marker, Ki67.
Other CDKIs demonstrating preclinical activity against hematologic malignancies
The CDK-inhibitory effects of a variety of other molecules derived from a number of different chemical classes have been studied in hematologic malignancies. While some of these are currently in clinical trials, others remain at preclinical stages of development. Additional CDK and non-CDK targets of a number of the putatively selective CDKIs have been found, and others remain under active investigation. Indeed, some of these agents are multi-kinase inhibitors, targeting other kinases relevant to hematologic malignancies, such as FLT3, Bcr-Abl, Src and Janus kinases (JAK), in addition to CDKs. An overview of some of these agents is presented in Table 2 .
Rational combinations involving CDKIs
Early preclinical studies revealed marked sequence-dependent cytotoxic synergism between various neoplastic agents and flavopiridol, with flavopiridol-induced G1 and G2 arrest antagonizing the effects of subsequently administered S-phase-active agents, whereas there was dramatic enhancement of apoptosis when flavopiridol was applied after cells had been arrested in mitosis (80) . SAC activation due to microtubule stabilization leads to elevated activity of CDK1 (cdc2) and increased expression of survivin, which in turn is stabilized by CDK1 (cdc2)/cyclin B-mediated phosphorylation (81) . Inhibition of CDK1 (cdc2) in this setting leads to massive apoptosis. Furthermore, exit from mitotic arrest ("adaptation") following SAC engagement requires CDK1 (cdc2)/cyclin B; inhibition of the latter after SAC activation facilitates mitotic slippage and exit, and speeds cell death (2).
The ability of flavopiridol to trigger apoptosis in leukemic cells and recruit surviving leukemic cells to a proliferative state, thereby priming such cells for the S-phase-related cytotoxicity of cytarabine led to the design of clinical trials of "timed sequential therapy" (TST) with flavopiridol, cytarabine and mitoxantrone (FLAM) (82) . In a phase I trial, the regimen yielded RRs of 31% and 12.5% among adults with relapsed/refractory AML and ALL, respectively (83) . Flavopiridol was given by 1-hour bolus daily for 3 days beginning day 1, followed by 2 g/m 2 /72 hours cytarabine beginning day 6, and 40 mg/m 2 mitoxantrone beginning day 9. In a phase II trial of this regimen using flavopiridol doses of 50 mg/m 2 /day in newly diagnosed adults with poor-risk AML, the complete response (CR) rate was 67% (84) . A phase I trial of "hybrid FLAM" in adults with relapsed/refractory acute leukemias found the RPTD of flavopiridol administered in a "hybrid" fashion to be a 30 mg/m 2 bolus followed by a 60 mg/m 2 infusion daily for 3 days (85). However, a randomized phase II study comparing "bolus" with "hybrid" FLAM found comparably encouraging results in adults with poor-risk AML with both schedules of flavopiridol (86) . As such, and given its greater convenience, an ongoing randomized phase II trial comparing FLAM with "7+3" in newly diagnosed younger adults with intermediate or poor-risk AML is utilizing bolus administration of flavopiridol (87) . In a preliminary analysis, the investigators reported CR rates of 68% with FLAM, compared with 48% and 52% with one or two cycles of "7+3", respectively. The combination of flavopiridol, fludarabine and rituximab (FFR) was studied in a phase I trial in patients with MCL, CLL or indolent B-cell non-Hodgkin's lymphoma (B-NHL) (88) . The overall RR was 82%, inclusive of 50% CRs and 26% PRs. 80% of patients with MCL responded.
Besides combinations of CDKIs with conventional cytotoxic agents as discussed above, there has been substantial interest in combining them with other novel and targeted agents. In this regard, the ability of pharmacologic CDKIs to convert drug-induced differentiation into apoptosis has led to combination studies with histone deacetylase inhibitors (HDACIs) and PKC activators. Thus, vorinostat and flavopiridol interact synergistically to induce mitochondrial damage and apoptosis in human acute leukemia cells (89) , a phenomenon that is at least partly attributable to Mcl-1 and XIAP down-regulation (90) and NFκB pathway disruption (91), and is not overcome by overexpression by Bcl-2 or Bcl-xL, often responsible for resistance to conventional cytotoxic agents such as cytarabine (92) . Downregulation by flavopiridol of p21 waf1/cip1 , which is induced by HDACIs, has been shown to underly its synergistic induction of apoptosis with the HDACI sodium butyrate in human acute leukemia cells (93, 94) . Similar findings have been reported in preclinical studies of the combination of roscovitine and the HDACI LAQ824 (95) . Based upon these observations, a phase I trial of flavopiridol and vorinostat in patients with relapsed or refractory acute leukemias (NCT00278330) was conducted (Holkova B, et al. Clinical Cancer Research 2013, in press ). Although no objective responses were seen, sustained plasma concentrations of flavopiridol high enough to mimic the pre-clinical in vitro findings were achieved. Synergistic induction of apoptosis in human AML cells by flavopiridol and the differentiation inducers phorbol 12-myristate 13-acetate (PMA) or bryostatin 1 has been shown to result from both intrinsic and extrinsic pathway activation, due to mitochondrial damage and PKC-dependent induction and release of tumor necrosis factor alpha (TNFα) (96) (97) (98) .
The combination of CDKIs with proteasome inhibitors constitutes a dual attack potentially applicable to multiple hematologic malignancies. In preclinical studies, proteasome inhibitors strikingly lower the apoptotic threshold of leukemic cells exposed to pharmacologic CDKIs, with NFκB pathway interruption and c-Jun N-terminal kinase (JNK) activation likely playing key roles in this phenomenon, besides down-regulation of Mcl-1, XIAP and p21 cip1 (99) . These findings were recapitulated in imatinib-sensitive andresistant Bcr-Abl + leukemia cells where, additionally, Bcr-Abl down-regulation with marked reduction in activity of downstream pathways were seen (100). A phase I trial of bortezomib and flavopiridol (administered in a "hybrid" fashion) in patients with recurrent or refractory MM, indolent B-NHL and MCL documented an overall RR of 44% (2% CRs and 31% PRs) (101) . When flavopiridol was administered in a non-hybrid fashion, the regimen yielded an overall RR of 33% in this patient population (102) .
In human Bcr-Abl + leukemia cells, flavopiridol potentiates imatinib-induced mitochondrial damage and apoptosis accompanied by Bcl-xL and Mcl-1 down-regulation and extracellular signal-regulated kinase (ERK) and JNK activation (103) . These findings formed the basis of a phase I trial of flavopiridol and imatinib in advanced Bcr-Abl + leukemias (104) . The combination was tolerable and produces encouraging responses, including in some patients with imatinib-resistant disease.
The ability of CDK7/9 inhibitors to down-regulate several short-lived anti-apoptotic proteins, notably Mcl-1, makes their combination with BH3-mimetics, such as ABT-737 or obatoclax, particularly appealing since such an approach has the potential to simulataneously target multiple arms of the apoptotic regulatory machinery. Thus, roscovitine dramatically increases ABT-737 lethality in human leukemia cells (21) . Roscovitine and ABT-737, a specific inhibitor of Bcl-2 and Bcl-xL, respectively untether the apoptosis effector Bak from Mcl-1 and Bcl-xL, respectively, triggering Bak activation and Bax translocation, culminating in apoptosis. Flavopiridol and the pan-Bcl-2 inhibitor obatoclax synergistically triggered apoptosis in both drug-naive and drug-resistant MM cells via down-regulation and inhibition of Mcl-1 and up-regulation and release of Bim, accompanied by activation of Bax/Bak (105) . Free radical-dependent oxidant injury and JNK activation were found to be additional contributors to the lethality of combined treatment of MM cells with flavopiridol and another pan-Bcl-2 inhibitor, HA14-1 (106) . Combined exposure to flavopiridol and TNF receptor related apoptosis inducing ligand (TRAIL) simultaneously activates the intrinsic and extrinsic apoptotic pathways and synergistically induces apoptosis in human acute leukemia cells through a mechanism that involves flavopiridol-mediated XIAP downregulation (107) . Similarly, roscovitine and TRAIL demonstrate synergistic cytotoxicity in multiple leukemia and lymphoma cell lines and primary cells (108) .
Co-treatment of human acute leukemia cells with the phosphatidylinositol-3-kinase (PI3K) inhibitor LY294002 and flavopiridol, roscovitine or CGP74514A resulted in a marked decrease in Akt phosphorylation and striking potentiation of mitochondrial damage and apoptosis, accompanied by diminished Bad phosphorylation, induction of Bcl-2 cleavage, and down-regulation of XIAP and Mcl-1 (109). Very similar findings have been reported in MCL cells (110) . Most recently, it has been shown that killing by the PI3Kδ inhibitor GS-1101 (CAL-101) is cell-cycle dependent, and that induction of early G1 arrest by PD 0332991 sensitizes proliferating MCL cells to selective PI3Kδ inhibition (111).
Flavopiridol and lenalidomide have been combined in a phase I clinical trial in CLL (112) . The combination was well tolerated without increased risks of TLS or tumor flare, with significant activity in patients with bulky, cytogenetically high-risk CLL. Preclinical studies indicate that both lenalidomide (113) and bortezomib (114, 115) synergize with PD 0332991 to kill MM cells via loss of IRF-4. A regimen of PD 0332991, 100 mg daily on days 1-12 of a 21-day cycle, combined with bortezomib 1 mg/m 2 and dexamethasone 20 mg, administered on days 8, 11, 15 and 18, demonstrated encouraging anti-tumor activity in heavily pre-treated MM patients in a phase I trial (116) and is currently undergoing phase II evaluation (117).
Expert Opinion
Dysregulation of cell cycle progression in transformed cells was one of the first "hallmarks of cancer" to be recognized, and this prompted intense interest in the development of CDKIs for cancer treatment. The premise underlying these efforts was that the disordered cell cycle characteristic of neoplastic cells would render them more vulnerable than their normal counterparts to further cell cycle disruption, thereby providing a theoretical basis for selectivity. Indeed, numerous pre-clinical studies have shown that interference with cell cycle regulation represents one of the most potent inducers of apoptosis. Over the last two decades, the CDKI field has undergone a dramatic evolution due in large part to two factors: rapidly emerging insights into the factors regulating the cell cycle, and a growing appreciation of the implications of CDK inhibition for processes other than those specifically related to cell cycle regulation. Furthermore, structure-based drug design has allowed the development of considerably more potent and specific CDKIs than were previously available. The current challenge for CDKI development will be to gain formal approval of CDKIs, either as single agents or in combination with either conventional genotoxic or other targeted agents. Recent findings involving flavopiridol (e.g., in CLL and AML) and PD0332991 (in mantle cell lymphoma) suggest that this goal may be eminently feasible (see below).
One of the challenges facing this field has been translating promising pre-clinical findings involving CDKIs and into the clinical arena. For example, flavopiridol, the first CDKI to enter the clinic, displayed dramatic activity pre-clinically when administered at submicromolar concentrations. However, its activity in humans has, until recently, been quite limited, possibly due to an unfavorable pharmacokinetic profile and off-target toxicities. Nevertheless, modification of the flavopiridol administration schedule suggests significant activity in at least some disorders (e.g., refractory CLL (54)), particularly when combined with other targeted agents (e.g., bortezomib) in MM or NHL (101) . Moreover, combining flavopiridol with genotoxic chemotherapy has recently shown significant promise in AML (84) and in advanced sarcomas (118) . Finally, the CDK4/6 inhibitor PD0332991 has shown promising single-agent activity in mantle cell lymphoma (79) , which may be further improved with combination strategies.
A critical issue for the development of CDKIs is whether their anti-neoplastic activity stems from CDK inhibition, inhibition of other targets, or a combination of these activities. For example, CDKIs that target CDK7 and/or 9 act as transcriptional repressors through inhibition of the pTEFb transcriptional regulatory complex, and down-regulate multiple short-lived proteins (e.g., Mcl-1) that are essential for the survival of malignant hematopoietic cells. It is entirely possible that in some settings, transcriptional repression may represent the primary mechanism by which such agents trigger neoplastic cell death. A key question, then, is whether the inhibitory effects of such agents on cell cycle progression contribute to lethality under these circumstances. In addition, it will be critical to determine whether such actions can be recapitulated in patients in vivo. Resolution of these issues could have a major impact on whether future developmental efforts should focus on more specific CDKIs, or more broadly active agents which display additional activities, e.g., inhibition of transcription. In this context, agents (e.g., dinaciclib) targeting CDK1, the only CDK sufficient for mammalian cell cycle progression (33) , in addition to transcriptional CDKs, may prove promising. In addition, it is interesting that certain specific CDK4/6 inhibitors (e.g., PD0332991), while exerting only cytostatic activities toward malignant hematopoietic cells in pre-clinical studies, have shown promising results when combined with other agents (e.g., bortezomib) pre-clinically and in clinical trials.
One of the more rapidly advancing areas involves elucidation of the mechanisms by which CDKs contribute to DNA repair processes. For example, recent studies have implicated CDKs in both homologous recombination as well as non-homologous end-joining-related repair. These findings have obvious implications for the mechanisms by which CDKIs might interact with standard genotoxic agents, but could influence their interactions with other targeted agents as well. In this context, recent studies have suggested that solid tumor (e.g. breast cancer) cells displaying defects in DNA repair (e.g., expressing mutant BRCA1) may be particularly susceptible to CDK disruption (41, 42) . It is possible that malignant hematopoietic cells exhibiting analogous defects might show similar susceptibility to CDKIs.
A key question involves the optimal approach to the development of CDKIs. One approach involves identifying genetic signatures that will predict susceptibility to these agents. For example, transcriptional repressive CDKIs (e.g., flavopiridol) have been used to target malignancies (e.g., multiple myeloma, mantle cell lymphoma) that depend upon a protein (e.g., Mcl-1) shown to be down-regulated by such agents in pre-clinical studies. However, the theoretical possibility exists that CDKIs, as in the case of other targeted agents, may have limited single-agent activity; instead, they may best function as response modulators of other (conventional or targeted) agents. In view of the large body of pre-clinical data demonstrating synergistic potentiation of the activity of genotoxic agents by CDKIs, it is likely that these efforts will continue with newer-generation CDKIs. It is possible that the enhanced potency, specificity, and selectivity of these agents may improve upon results to date with older agents. Nevertheless, it will still be necessary to demonstrate that enhanced anti-tumor efficacy of such regimens will be accompanied by a net improvement in the therapeutic index. Finally, a third approach involves the rational combination of newgeneration CDKIs with other targeted agents. In support of this strategy, multiple studies have identified synergistic regimens combining CDKIs with HDAC or proteasome inhibitors, or BH3 mimetics, particularly in malignant hematopoietic cells. The ultimate success of such approaches may depend upon an answer to the important theoretical question of whether combining two agents, neither of which may be individually active in a particular malignancy, can result in tangible therapeutic efficacy.
With respect to the immediate future of CDKIs, the most challenging questions to answer will include: a) are activities other than CDK inhibition most relevant for potential anticancer efficacy? b) will highly specific or more promiscuous CDKIs prove most effective in the clinic? c) will pharmacokinetic factors determine whether the CDK or other inhibitory actions of these agents can be recapitulated in patients in vivo? d) will single-agent CDKI activity be necessary for combination regimen efficacy? e) will combinations with conventional or novel agents represent the best strategy? Of the most newly described activities of CDKIs, disruption of DNA repair events may prove to be of great significance in the future. Of the more pleiotropically-acting CDKIs, dinaciclib appears to be particularly promising in view of its multiple actions and high potency, whereas of the more specific inhibitors, results with the CDK4/6 inhibitor PD0332991 are encouraging. Finally, given the rapid development of agents that target diverse survival signaling pathways, the opportunities for rational combination strategies involving CDKIs are virtually limitless. Hopefully, these considerations will lead to formal approval of one or more CDKIs in hematologic (and potentially epithelial) malignancies in the near future. Proteins implicated in the regulation of human cell cycle progression, and potential mechanisms by which current, clinically relevant CDK inhibitors disrupt cell cycle regulation. See text for details. Table 2 Other CDK inhibitors in earlier stages of development Abbreviations: CDK, cyclin dependent kinase; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; NHL, non-Hodgkin's lymphoma; MM, multiple myeloma; ALL, acute lymphoblastic leukemia; PV, polycythemia vera; SLL, small lymphocytic leukmia;
MCL, mantle cell lymphoma; MDS, myelodysplastic syndrome; JAK2, Janus kinase 2; FLT3, fms-like tyrosine kinase 3; Chk2, checkpoint kinase 2; Bcr-Abl, breakpoint cluster region-Abelson; RNA pol II, ribonucleic acid polymerase II; MAPK, mitogen activated protein kinase; NF-κB, nuclear factor kappa B; GSK3β, glycogen synthase kinase-3-beta; STAT, signal transducer and activator of transcription; AMPK, adenosine monophosphate activated protein kinase; HIP, homeodomain-interacting protein; JNK, c-Jun N-terminal kinase; CTD, carboxyl terminal domain
